Miniaturized extraction and separation media have been successfully developed from precisely controlled technologies. In this article, recent developments in these high performance analytical methods, such as miniaturized sample preparation methods and the coupling of these techniques with microscale separation systems, have been reviewed, along with some applications to environmental and biological analysis. The advantage of the miniaturization is not only for the environmental compatibility but also for the developments of the high performance analytical systems. Down-sizing also makes it possible to investigate and introduce various compounds and materials as novel media (such as tailor-made materials and devices) in separation science. As a typical example of the novel miniaturized sample preparation system, the applications of fibrous materials for microcolumn liquid-phase separation methods are described.
Introduction
Recently, environmental concerns and economical standpoints are the most important issues in considering the analytical processes in various fields such as environmental analysis, toxicological, forensic and clinical drug analysis, and other many analytical situations. In order to achieve ecological, environmentally friendly and economical analyses we have to think about the miniaturization of the analytical methods and instrumentation. The precisely controlled microscale analysis gives the following merits if one can realize such systems: 1) one can expect high efficiency and high speed analysis; 2) low cost for the operation due to low or no solvent consumption; 3) the low or no solvent consumption can make an environmentally friendly analytical procedure and 4) one can also expect highly selective analysis by developing (tailored) systems designed for particular applications. Among common analytical procedures, we find the sample preparation process and the so-called identification and/or quantitation process by use of analytical separation methods such as a coupled technique of chromatography and spectrometry.
In the sample preparation process, we have been traditionally using solvent extraction while consuming huge amounts of organic solvents; more recently, a solid phase extraction (SPE) technique in which solvent consumption is smaller, has been employed. However, these traditional methods possess some disadvantages. The use of a vast amount of organic solvents produces an environmental waste problem and the complex multi-step procedure leads to low accuracy and loses the analytes during these complicated processes. In order to overcome such problems, some solvent-free sample preparation methods have been proposed. They can be divided into two alternative approaches: one is gas phase extraction and another is solvent extraction. The former includes headspace extraction and supercritical fluid extraction (SFE). The latter includes SPE and also much smaller scale SPE, the so-called solid phase microextraction (SPME). SPME has been proposed by Pawliszyn et al.; the method was firstly developed for the analysis of volatile compounds by gas chromatography (GC). SPME devices play a key part for the extraction which is made by polymer coated fused-silica fiber rods.
The coated polymeric material should work as the extraction medium, and therefore one can typically use gas chromatographic stationary phases. The rod is inserted into the sample solution or headspace for the extraction in a certain amount of time and then the fiber rod should be brought to the GC sample injection system. The fiber is inserted into the injection part and then the temperature of the device can be changed from low to high to desorb the sample components adsorbed on the polymer coating (thermal desorption process) and then the desorbed sample components can be injected into the GC separation column. Therefore SPME process combined with GC analysis does not require any organic solvents for the extraction and preconcentration processes.
However, there are many different types of compounds which should be analyzed in our world, and only volatile and thermally stable compounds can be analyzed by the GC method. Non-volatile and thermally unstable compounds (80% of organic compounds can be assigned to this group) should be analyzed by other liquid phase separation techniques, such as liquid chromatography (LC) or capillary electrophoresis (CE). If the separation can be done by LC after SPME process for the analysis, one can use a combination technique involving SPME and LC. In LC separations, however, the typical flow rate is about 1 mL/min and, if the analysis time required is 30 min, the analyst needs to consume about 30 mL of the mobile phase in one analytical run and some organic solvent (mL order) should go to waste. This means we are always polluting our environment by such analytical processes by organic solvents for LC mobile phase. In order to avoid such basic problems one has to use microscale LC rather than conventional size (4.6 mm i.d. column) LC. Therefore down-sizing the column size from 4.6 mm i.d. to 0.5 mm i.d., the solvent consumption can be decreased about 100 times. Only 100 -500 µL of mobile phase for the analysis will be required for microcolumn LC (micro-LC) instead of the 10 -50 mL required for conventional LC. As SPME reduces the consumption of organic solvents for extraction and preconcentration process, it is necessary to combine SPME with micro-LC rather than the combination with conventional LC to realize the true merit of the SPME method. When the analysts use the polymer coated fused-silica fiber rod as the extraction and preconcentration medium in SPME, the problem is the relatively long extraction time and desorption time required. Instead of the fused-silica fiber rod, we will be able to use a capillary with internal surface coating by polymeric materials that work as the extraction medium (adsorbent).
In-tube SPME 7-11 is an alternative SPME method; it utilizes an open tubular GC column as the extraction tube. In this method, the analytes in an aqueous solution are extracted into the polymer coating in the GC capillary column by simply passing the sample solution with a micro-flow pump. Then, the analytes extracted are desorbed by passing a very small amount of an organic solvent into the capillary in a similar manner. Because a desorption device, which is necessary to desorb the extracted analytes from SPME fiber, is not required to combine the extraction method with LC, it is possible to eliminate a difficult handling stage and to reduce the volume of the organic solvent required for the desorption process. Furthermore a wide variety of polymer coatings, i.e. liquid phases of GC columns, are available to extract particular classes of compounds.
In this work, recent developments of miniaturized sample preparation methods and the coupling with microscale separation techniques have been reviewed especially focusing on the applications for environmental, toxicological, forensic and clinical drug analyses. 
Miniaturized

Sample
Preparation and Separation Methods for Environmental Analysis
The sample preparation step is one of the most important processes for the analysis of environmental samples in order to eliminate interference from other components of the matrix and/or to increase the sensitivity toward the analytes of interest. For the sample preparation, liquid-liquid extraction (LLE) technique has been traditionally used. However, a large volume of extraction solvents will be needed for the LLE method.
In this section, miniaturized sample preparation methods for environmental analysis are reviewed. The on-line coupling of these methods with microscale separation techniques, such as micro-LC and capillary electrochromatography (CEC) will be described along with the application to real environmental sample matrices.
2.1
Conventional SPME coupled with liquid phase separation techniques For the on-line coupling of the SPME to micro-LC, a specially designed interface has been developed. 12 This is because the conventional SPME with polymer-coated fused-silica rod was originally designed for GC applications as described above. Figure 1 shows the schematic representation of the SPME/LC interface manufactured with a modified tee connector. The fused-silica rod with a polymer coating on the surface is exposed in the interface, and the adsorbed analytes are desorbed by the small amount of organic solvent and are simultaneously transferred to the injector of the LC system. With a precisely controlled micro-flow pump, an appropriate amount of desorption solvent is introduced into the interface. A typical chromatogram for the analysis of a pesticide mixture using SPME/LC system is shown in Fig. 2 . In this particular case, the total amount of solvent used was less than 0.5 mL for the whole analytical procedure including extraction and separation. The obtained linear calibration ranges and correlation coefficients for 10 pesticides are listed in Table 1 . The limits of detection (LODs) of this method for pesticide analysis were lower than Japanese regulatory limits for environmental and drinking water except for Diazinon. 12 Therefore, the method is quite promising for pesticide analysis in environmental water.
In order to accomplish the desorption process with supercritical fluid (SF)CO2, some modifications were made of a commercially available desorption chamber (Supelco, Bellfonte, PA, USA), 13 in which two U-shape stainless-steel stoppers were employed to withstand high pressure during the SFCO2 desorption. The schematic representation of the desorption device is shown in Fig. 3 . The extracted analytes were desorbed by SFCO2 and then transferred to the LC system for the subsequent separation process. Figure 4 shows the typical LC separation for the pesticide analysis, in which 0.5 µg/mL each of two pesticides were spiked into a sample of river water. Although the detection limits should be further reduced and the extraction efficiency over the whole analytical process must be improved, 13, 14 the data clearly demonstrate the future possibility of this solvent-less sample preparation technique for liquidphase separation methods. Table 1 Tested linear ranges and the correlation coefficient (r) for pesticides using SPME/LC system Compound Linear range/ ng mL 
2.2
Wire-in-tube SPME and fiber-in-tube SPE as the sample preparation for LC analysis of environmental samples The development of the analytical method for low-level phthalates in an aqueous sample matrix has been regarded as one of the most important projects because of the estrogenic activity. 15, 16 Although the quantification and the activities of phthalates as endocrine disruptors have been investigated, an effective and rapid preconcentration technique is still needed for the analysis of real environmental water samples. Figure 5 illustrates the in-tube SPME/LC system; the three different configurations of extraction tube are shown in Fig. 6 . The sample solution was pumped via an extraction capillary by one of the micro-flow pumps; meanwhile, the analytes were extracted in the extraction tube. Next, the desorption solvent was also pumped using the syringe of another pump after changing the position of the switching valve. In the meantime, the extracted analytes were desorbed into the solvent and the solution was directly transferred to the loop of the LC injection valve. The volume of the desorption solvent and the flow-rate have been determined in the preliminary experiments in order to make sure that the analyte is transferred to the injection loop during the desorption process. Figure 6 shows the illustration of three different types of the extraction tube: (a) in-tube, (b) wirein-tube, 17 and (c) fiber-in-tube. [18] [19] [20] [21] [22] A typical chromatogram for the analysis of the phthalates with in-tube ( Fig. 6 (a) ) SPME preconcentration is shown in Fig. 7 . In the figure the chromatogram obtained with the direct injection of the same sample is also shown. A domestic wastewater sample, the effluent from the primary sedimentation tank at Nakajima Municipal Wastewater Treatment Facility in Toyohashi, Japan, was obtained as a raw wastewater. The wastewater was filtrated immediately with a glass fiber filter (GA100, pore size: 1 µm, Advantec Co. Ltd., Tokyo, Japan), and then the filtrate was further filtrated with a finer glass fiber filter (GA75, pore size: 0.3 µm, Advantec Co. Ltd.) to prepare the analytical sample. Prior to the filtration, these filters were washed thoroughly with methanol and pure water to clean them up. Using in-tube SPME, the peak area of dibutyl phthalate (DBP) is increased up to about 43 times for 30 min extraction compared with that of direct injection of the water sample. The preconcentration factor (Table 2 ) was calculated by comparing the peak areas obtained with in-tube SPME and that with direct injection (20 µL) of water samples. The data show a good preconcentration power of DB-17 capillary for the extraction of DBP in water. The solute can be concentrated by a factor of 32 in the ideal condition because the total volume of water samples extracted was 640 µL (32 µL/min × 20 min) and the sample volume injected by direct injection was 20 µL. The calculated extraction efficiency was also shown in Table 2 . In the case of DB-17, the analyte was preconcentrated up to 30 times and the extraction efficiency was more than 90%. Even for low concentrations, 200-ng/mL DBP, DB-17 capillary showed a good performance for phthalate preconcentration with the preconcentration factor of about 28. Since the film thickness, df, and other characteristics of these capillaries are the same, the difference of the extraction capability must depend on the nature of the polymer coating.
Therefore, a specific preconcentration of a certain analyte should be possible by using a capillary with a novel polymer coating or bonded phase. The effect of phase ratio was also studied because the polymer coating of 0.25 µm thickness may not be enough to extract all the analyte molecules being passed in the capillary of 250 µm i.d. Then, the ratio between the internal void volume of the extraction capillary and the volume of the polymer coating must be changed for an effective extraction, especially from the sample solution with low concentration of analytes.
To change the phase ratio, a stainless-steel wire of 0.20 mm o.d. was inserted into the extraction capillary (as shown in Fig. 6 (b) ) so that the phase ratio will be smaller than that of the capillary 10 ANALYTICAL SCIENCES JANUARY 2002, VOL. 18 only. By inserting the wire along the entire length of the extraction capillary, the volume of the extraction capillary was decreased from 19.6 µL to 7.1 µL and the phase ratio was also changed from about 500 to about 180. The flow-rate of the extraction was changed to 8 µL/min to keep the linear flow-rate of the sample solution almost the same. With this "wire-in-tube" configuration, the extraction efficiency significantly increased up to 95.2% for 20 min extraction of 200 ng/mL sample. The obtained preconcentration factor was 30.5. The preconcentration factor and the resulting efficiency with "wire-in-tube" SPME were higher than ordinary in-tube SPME mode. Because almost all of the analyte molecules can be extracted with this "wire-intube" mode, low levels of the sample can be detected and then determined with a conventional detection system. Due to insertion of the stainless-steel wire, the internal volume of the extraction capillary tube was reduced, while the surface area of the coating contacting to the sample solution was kept constant. Because the results described above have indicated that further preconcentration effect compared to the conventional in-tube SPME method could be obtained with this kind of modification, the authors have developed a novel "fiberin-tube" (Fig. 6 (c) ) SPE method. Not only to reduce the internal void volume of the extraction tube, fine rigid-rod polymer filaments have been introduced into the extraction tube as the extraction media. 19 To prepare the extraction tube, a heterocyclic polymer, Zylon ® fiber (Toyobo Co. Ltd., Shiga, Japan) was cut to 24 -100 mm lengths and packed longitudinally into the same length of polyetheretherketone (PEEK) tube (0.25 mm i.d., 1/16″ o.d., GL Sciences, Tokyo, Japan). The diameter of each filament of the fiber is about 11.5 µm and the total number of the filaments packed in a PEEK tubing is about 310. The sample loop in Fig. 5 was replaced with the extraction tube (fiber-in-tube), and the syringe pump A was directly connected to the injector. With this modification, the desorption by the mobile phase was made possible. The sample solution was pumped through the extraction tube by one of the syringe pumps, typically at the flow-rate of 16 µL/min. Next, the desorption by mobile phase solvent was done. The desorbed analytes were directly transferred into the column. In Fig. 8 , typical chromatograms for the analysis of di-2-ethylhexyl phthalate (DEHP) in water samples are shown. Using fiber-intube SPE preconcentration, the peak of DEHP was observed and the peak was identified by the UV/Vis spectrum measurements. The original concentration in the wastewater was determined as 6.8 ng/mL by comparing the peak area of the standard sample. Since no measurable peak was obtained without preconcentration, the direct injection was carried out with the standard sample of 1000 ng/mL. As shown in Fig. 8 medium has a strong preconcentration power for the phthalates. Furthermore, no solvent is needed for the sample preparation process. Other applications could be found for various classes of compounds in aqueous sample matrices.
Further miniaturization of sample preparation process
The development of miniaturized analytical systems has been regarded as an important objective in recent analytical chemistry. The reason is quite clear. It should be a solution for the recent requirements, such as high performance, and rapid analysis with low operation cost but also without any environmental pollution.
Taking advantage of the low volumetric flow-rate of the mobile phase, an on-line coupling of micro-LC to various detection systems was developed and the specific detections with high sensitivities were accomplished by these hyphenated systems. However, the reports about the miniaturized sample preparation methods, which were specially designed for these microscale separation systems, [23] [24] [25] have been somewhat limited, probably because of the difficulties in the on-line coupling. In the newly developed method, fiber-in-tube SPE, the extraction was carried out in the short capillaries packed with the filaments of synthetic polymer as the extraction medium. The results showed that the effective interaction of the analytes with the several hundreds of fine fibrous extraction media in the extraction tube makes it possible to be suitable as a microscale sample preconcentration device. Miniaturization of the extraction device will also allow it to be directly coupled with microcolumn separation methods without any disadvantages such as over-load injection and poor resolution during the chromatographic separation. As an extension of the studies described above, a miniaturized fiber-in-tube extraction cartridge is introduced as a solventless sample preconcentration technique for microcolumn liquid-phase separations, such as micro-LC, CE and CEC. 20 To prepare the extraction tube (cartridge), a short capillary of PEEK or polytetrafluoroethylene (PTFE) was packed longitudinally with fine polymer filaments (Zylon ® ) having both solvent resistance and mechanical strength.
The extraction cartridge (fiber-in-tube) was incorporated in an injection valve and was used as the sample loop itself. The desorption (by mobile phase) and injection are carried out simultaneously without any desorption solvent for the extraction process, which had been required in the previous investigations. 12, [17] [18] [19] For micro-LC applications, a miniaturized extraction cartridge was incorporated in the sample rotor of the micro-injection valve (Rheodyne Model 7520), as shown in Fig. 9 , where the cartridge was sandwiched between two small pieces of blank PEEK capillaries. The cartridge was prepared with a PEEK tube of 0.50 mm i.d. × 5.0 mm. Two pieces of blank PEEK tubes, 0.25 mm i.d. × 1.0 mm length, were employed to retain the fiber-packed cartridge in the rotor. The total number of packed-filaments was about 1500, and the void volume of the fiber-packed injection valve was about 0.31 µL. Micro-LC was consisted of a Micro-Tech Scientific Ultra-Plus II Capillary LC pump (Yamato Scientific Co., Ltd., Tokyo, Japan), a UV/Vis absorption detector (Model 875-UV, JASCO, Tokyo, Japan) with a home-made flow-cell of about 0.3-µL volume. Furthermore, a modification was made with small piece of PEEK tubing for reducing the void volume of the remaining flow-pass in the valve. During the extraction process, a certain volume of the sample solution was pumped through the cartridge by a syringe at an appropriate flow-rate. The analytes of interest were adsorbed onto the surface of the filaments packed in the extraction cartridge. By changing the position of the injector, the desorption was carried out by the flow of the mobile phase. Therefore, no desorption solvent was needed to prepare for the desorption process.
By this "in-valve" configuration, further miniaturization was accomplished along with the solventless sample preparation for micro-LC analysis. The total volume of the organic solvent required, including the volume of the mobile phase, was reduced up to about 40 µL for each analysis, as shown in Fig. 10 in this system. The preconcentration factor of this method was calculated by injecting the standard solution in a conventional way, and was estimated as about 80 for DBP in Fig. 10 .
Another was designed for the coupling to electrokinetic separation methods, in which a commercially available 4-port 2-way valve (HV4-1 Plug Valve, Hamilton, Reno, NV, USA) was employed as an interface. The extraction cartridge was placed in the rotor of the valve. About 380 filaments of Zylon ® were packed longitudinally into a PTFE tubing of 0.25 mm i.d. × 5.0 mm length, and then the fiber-packed tube was installed in the rotor as the extraction cartridge. The schematic drawing of the fiber-in-tube SPE/CEC system and the close-up view of the extraction/injection valve are shown in Fig. 11 . The laboratorymade system for CEC measurements consisted of Model HCZE-30PN0.25 High Voltage Power Supply (Matsusada Precision, Kusatsu, Japan), a modified UV/Vis absorption detector (Model 875-UV, JASCO) for the on-column detection. As the separation column, a fused-silica capillary of 0.15 mm i.d. packed with Superiorex ODS (5 µm, Shiseido, Yokohama, Japan) was connected to the valve, as shown in Fig. 11 . The packed length was 50 mm (total length from the valve to the cathodic vial was 200 mm) and a window for on-column detection was made at just after the mid-frit. To the valve port on the other side, a precolumn capillary of 0.25 mm i.d. × 150 mm length was connected to supply the mobile phase from anodic vial during the CEC separation. To the other two ports, a PTFE tube from syringe pump was connected to deliver the sample solution during the extraction process, and a short fusedsilica capillary of 0.030 mm i.d. × 50 mm length was connected as the waste line. Figure 12 illustrates the typical chromatogram for the analysis of phthalate mixtures with miniaturized fiber-in-tube SPE/CEC system. Good preconcentration and separation were obtained. No organic solvent was needed for the sample preparation step, and the total usage of the solvent for each analysis was only 2.5 µL as the mobile phase component. In the chromatogram, the calculated preconcentration factor was about 80 for DBP (the last peak in Fig. 12 ). The total analysis time was about 12 min for the separation.
Miniaturized Sample Preparation and Separation Methods for the Analysis of Biological Sample Matrix
For the analysis of biological sample matrices, we also have to consider about the sample preparation as well as the subsequent analytical procedures such as chromatographic separation and detection. This is due to the fact that various interferences can be easily expected during the analysis of these complex sample mixtures. In this section, sample preparation techniques for biological samples along with the miniaturization of the analytical processes are described.
Conventional SPME coupled with LC and MEKC
As described in the previous section, conventional SPME could be coupled with liquid-phase separation techniques for the analysis of biological fluids. Figure 13 shows the typical examples of the biological fluid by SPME/LC system. The desorption device shown in Fig. 1 was employed for the on-line coupling of SPME with LC system. These chromatograms are: (a) gastric content obtained from a poisoning patient who took fenitrothion/MEP, (b) urine spiked standard solution of seven pesticides and a metabolite, and (c) serum of a rat dosed with fenitrothion/MEP (250 mg/kg). These biological samples were diluted with deionized water by a factor of 1000, 20, 50 respectively, and 10 mL of the aqueous solutions were extracted for 60 min by polyacrylate-coated SPME fiber (Supelco). The final concentration of sample (b) was 50 ng/mL for each pesticide.
Combination of SPME preconcentration with MEKC separation was also examined 26, 27 for the analysis of benzodiazepines. The SPME fiber was exposed to a 10 mL 13 ANALYTICAL SCIENCES JANUARY 2002, VOL. 18 stirred urine sample and the extraction was carried out for 2 h at the temperature of 60˚C. For the desorption process, the SPME fiber was immersed (for 30 min) into a small amount of solvent (20 µL) in a home-made micro-vial, and then 4 nL of the solution was electrokinetically introduced to MEKC separation capillary. The resulting chromatogram is shown in Fig. 14 , where the result obtained without preconcentration is also shown as a reference. It can be seen that the sample peak intensities attained by MEKC separation coupled with SPME sample preparation were much higher than those attained by direct MEKC separation without SPME process.
Wire-in-tube SPME/LC
A wire-inserted extraction capillary was also introduced for the analysis of antidepressants in human fluids. 17 Such analysis is important in toxicological, forensic and pharmaceutical research, because drugs such as amitriptyline and imipramine are widely used in psychiatry. [28] [29] [30] Furthermore, these compounds are metabolized in the liver mainly to nortriptyline and desipramine, respectively, and these metabolites also have an antidepressant activity.
Although the separation of antidepressants in biological sample matrix by LC has been reported, [30] [31] [32] conventional LLE techniques are still mainly employed routinely in the sample pretreatment procedure.
The analysis of four tricyclic antidepressants (TCAs) in human urine was carried out using the wire-in-tube SPME/LC system shown in Figs with SPME. SPME fiber, polyacrylate-coated fiber. CE conditions: polyacrylamide (PAA) coated capillary; running buffer, 100 mM borate of pH 8.5 containing 10 mM SDS, 5 M urea and 5% acetonitrile; sample injection, electrokinetic (5 kV × 5 s); electric field, 300 V/cm; detection, UV at 254 nm. Peaks: (1) The conditions are the same as in Fig. 15 .
Extraction efficiency, % DB-1 DB-5 containing four antidepressants in aqueous NaOH solution was pumped through an extraction capillary by one of the syringe pumps at the flow-rate of 80 µL/min for 10 min. Next, a desorption solvent, acetonitrile, was pumped at 2 µL/min for 5 min using another pump after changing the position of the switching valve. The extracted analytes were desorbed and directly transferred into the loop of the injection valve. The volume of the desorption solvent, the flow-rate, and the injection volume have been determined in preliminary experiments in order to make sure that the analytes are transferred quantitatively to the injection loop during the desorption process. Figure 15 shows a typical chromatogram obtained with this method. In Table 3 , the preconcentration factor and extraction efficiency with different capillary coatings are tabulated. The quantitative data obtained with DB-5 capillary, such as the linear calibration ranges and LODs for each TCA drug, are summarized in Table 4 . The results for the real biological sample are shown in Fig. 16 . Before the extraction, the urine sample (1.2 mL) was diluted with 2.4 mL of NaOH solution (10 mM, pH 12) and then filtered with a membrane filter (0.20 µm pore size). Although the preconcentration effect of each antidepressant was different, as observed in our previous study, 33 these data demonstrated the possibility of using the method for the rapid analysis of other complex biological sample matrices. As described above, the time for preconcentration process is just 15 min and, for sequential runs, it can be operated simultaneously with the separation process of the previous sample.
Miniaturized fiber-in-tube extraction coupled with
electrokinetic separation methods On-line coupling of miniaturized fiber-in-tube extraction with electrokinetic separation techniques has also been studied for the analysis of TCAs.
18 Figure 17 illustrates the system overview and close-up of the specially designed extraction capillary. For the preparation of the extraction capillary, about 250 filaments of Zylon ® (10 mm length) were packed longitudinally into a DB-5 coated capillary of the same length, and the capillary was then installed at the end of the PTFE tubing which is connected to the fused-silica capillary from the syringe pump for sample loading. During the extraction a sample solution was pumped from the syringe (typically, at the flow-rate of 80 µL/min for 12.5 min; the total volume pumped was then 1.0 mL). Next, the syringe was replaced by the other syringe containing the desorption solvent, acetonitrile. By pumping the desorption solvent of an appropriate volume, the desorbed analytes were transferred to the space in the modified cross connector in Fig. 17 . After the zone containing the sample was injected to the cross section of the separation capillary, the separation voltage was applied. The volume of the desorption solvent was optimized by preliminary experiments. The estimated injection volume was about 4 nL. The resulting separation is shown in Fig. 18 , where β-cyclodextrin was employed as a buffer additive (0.6 mM). The fiber-in-tube preconcentration offered excellent enhanced sensitivity. Table 4 calculated preconcentration factors for these four TCAs were more than 200. The increased sensitivity was also demonstrated for the real biological samples. 18 The results clearly indicated a promising future of this technique, because the total analysis time in this particular case was about 30 min and the total organic solvent used was less than few microliters!
Future Possibilities of Miniaturized Media in Separation Science
Miniaturized extraction and separation media have been successfully introduced for the analysis of complex mixtures, such as environmental and biological samples. These precisely controlled media, such as specially designed fibrous material and the extraction/preconcentration cartridge having novel polymer-coated fibers therein, must undergo future developments in various scientific areas and wider applications must be demonstrated. In this review, the authors described some recent results, especially for microscale sample preparation techniques with novel fibrous materials, and the coupling of these methods to microcolumn separation methods. The authors believe that these fiber-packed media [18] [19] [20] [21] [22] [34] [35] [36] [37] [38] [39] must be used routinely along with the precisely controlled analytical devices and/or systems in the near future.
